Abstract: Rabbit chondrocytes were cultivated in vitro using the collagen/hyaluronan membrane. The membrane did not show any adverse effects on chondrocyte viability during in vitro cultivation. The inoculated cells grew without any negative changes. According to the histochemical analyses: (i) hematoxylin and eosin; (ii) safranin O; and (iii) rabbit anti-human collagen type II staining, the rabbit chondrocytes maintained their morphology and phenotype during in vitro cultivation. The collagen/hyaluronan membrane became more stable and stiffer after long time cultivation. The proliferation of the chondrocytes stabilised the structure of the membrane. The collagen/hyaluronan membrane is suitable material for the chondrocyte growth and could provide functional tissue-engineered scaffold for cartilage repair.
Introduction
The ideal characteristics of the biomaterial scaffold consist of spatial and compositional properties that attract and guide the activity of reparative cells. It has been acknowledged that the specific interaction of cells with their surrounding extracellular matrix (ECM) is responsible for promoting and regulating repair processes of the tissue. Regeneration of the lost or damaged tissue requires the reparative cells adhere, migrate, grow and differentiate in the synthesis of a new tissue (Liu et al. 1999) .
Cartilage was used as one of the first models for research of in vitro engineered tissues and has shown the earliest application for the cell-based therapy mainly due to its cellular homogeneity and avascularity (Buckwalter & Mankin 1998) . Its structure appears simple and contains only one cell type, i.e. chondrocytes. It, however, has a complex and highly organised ECM. Cartilage of an adult shows poor capacity for any repair and regeneration due to the limited potential of chondrocytes proliferation. Various surgical procedures have been developed but they are highly dependent on the technique and limited to small lesions (Frenkel & Di Cesare 1999) . The challenge for cartilage tissue engineering is to produce cartilage tissue of suitable structure and properties (Solchaga et al. 2001) .
Biomaterials play a critical role in tissue engineering, they facilitate the localization and delivery of cells and bioactive factors, define three-dimensional space for formation of new tissues of appropriate structure (Furth et al. 2007) . Direct injection of cell suspension without biomaterial matrices has been used in some cases, but it is difficult to control localization of the transplanted cells (Brittberg et al. 1994) . The majority of mammalian cell types is anchorage-dependent and will die if not provided with a cell-adhesion substrate. Biomaterials provide such cell-adhesion substrate and can be used to achieve highly-efficient cell delivery (Kim et al. 2000) .
Tissue engineering concepts have been applied to a variety of biomaterials, e.g. polylactic acid, polyglycolic acid (Chu et al. 1995; Giurea et al. 2003; Ueki et al. 2003; Hu & Athanasiou 2005) , hydroxyapatite (Wu et al. 2008) , chitosan (Kim et al. 2003; Chen et al. 2007) , and gelatin (Lien et al. 2008) , to design chondrocyteseeded or cell-free implants for articular cartilage repair. Some of these materials allow formation of the tissue to be repaired that resembles normal cartilage. Such repair, however, can be accompanied by substantial fibrocartilage formation.
Natural biomaterials are preferred because of their outstanding biocompatibility properties. The native ECM brings cells together into tissue, controls the tissue structure, and regulates the cell phenotype. It has been proven that cartilage-specific ECM components play a critical role in regulating expression of the chondrocyte phenotype and in supporting chondrogenesis both in vitro and in vivo (Kosher & Church 1975) . Favoured ECM molecules of connective tissues are collagen, hyaluronic acid and glycosaminoglycans. The major advantage of collagen is its tissue abundance and highly organized structure. Collagen implants degrade through a sequential attack by lysosomal enzymes (Nimni et al. 1987) . In vivo degradation can be regulated by controlling intermolecular cross-linking. Collagen contains cell-adhesion domain sequences that elicit specific cellular interactions. This may assist in terms of retaining the phenotype and the activity of many types of cells, including fibroblasts and chondrocytes. Porous three-dimensional sponges consisting of collagen fibbers support the viability of chondrocytes and their production of cartilage matrix in vitro (Silver & Pins 1992) . High-amounts of hyaluronic acid are present in the ECM during embryonic cartilage development, and this acid facilitates also the integration of engineered cartilage. A small amount of hyaluronan (2% w/w) in three-dimensional collagen scaffolds enhances chondrogenesis (Allemann et al. 2001) . Glycosaminoglycans have physical and biological properties that make them attractive as a tissue grafting biomaterial. Both collagen and glycosaminoglycans have extensive histories in a wide variety of clinical applications (Daamen et al. 2003; Willers et al. 2005; Flanagan et al. 2006; Chen et al. 2008) .
In our present study we used the collagen/hyaluronan membrane as a three-dimensional scaffold for the in vitro cultivation of rabbit chondrocytes. The collagen/hyaluronan membrane is based on a polyelectrolyte complex of hyaluronic acid and collagen. The complex is chemically modified with starch dialdehyde. Koller and his co-workers (Reháková et al. 1996; Koller et al. 2000 Koller et al. , 2001 Vojtaššák et al. 2001 ) performed an extensive research on this membrane creating a scaffold for skin-derived cells. According to these studies, the membrane is also suitable for healing chronic and acute surface wounds. We have studied adhesion properties of chondrocytes on the membrane, influence of the initial density of chondrocytes on the period of cultivation and resorption of the collagen/hyaluronan membrane during cultivation. Formation of "hyaline-like cartilage" was confirmed by histological studies.
Material and methods

Membrane preparation
Enzymatically-treated fibrous insoluble bovine collagen type I prepared from bovine Achile tendons (Hypro, Otrokovice, Czech Republic) was mechanically fractionalized in a blender and solubilised in 0.5 M solution of acetic acid. Collagen does not contain any bacteriostatic agents and is relatively resistant to microorganisms. The aqueous solution of bacterial (Streptococcus zooepidermicus) sodium hyaluronan (MW 1.4 MDa, Contipro Ltd., Dolní Dobrouč, Czech Republic) was added into acid atelocollagen dispersion (8% w/w) to form a collagen/hyaluronan complex. The mixture was homogenized in a blender at 1,400 rpm/min. To increase intermolecular cross-linking of collagen, the collagen/hyaluronan complex was treated via its modification with starch dialdehyde, as defined by Schmitz & Stocklin (1975) . Starch dialdehyde 2% (v/v) aqueous solution was added to the collagen/hyaluronan complex. It was then homogenized in a blender for 1 min, pre-frozen for 12 hours and freeze-dried in a JOUAN LP3 freeze dryer at −45
−2 mBa for 6-8 hours. After lyophilisation the membranes were sealed in polyethylene bags and sterilized by 60 Co radiation with the dose of 30 kGy. Prior to three-dimensional cultivation the lyophilized membranes were chopped to 1 × 1cm specimens while maintaining sterile conditions.
Cell cultivation
The method for in vitro cultivation of chondrocytes was followed by chondral defect repair published by Cibur et al. (2004) . Articular cartilage for in vitro cultivation was harvested by biopsy from other than load-bearing part of femoral rabbit condyles. The experiments on rabbits were performed at the University of Veterinary Medicine in Košice, Slovakia, respecting the guidelines for animal experiments with the approval of the University's ethical committee. Small fragments of rabbit cartilage (1-2 mm 3 ) were placed in a transport medium containing sterile phosphate buffered saline solution (PBS) (Gibco BRL ) supplemented with 1% (v/v) antibiotic antimycotic solution (Gibco BRL ) immediately after harvesting. Fragments were digested by bacterial collagenase type II (1 mg/mL) (Gibco BRL ) in Nutrient mixture F-12 (Gibco BRL ) supplemented with 1% (v/v) antibiotic antimycotic solution for 16-20 hours. The resulting cell suspension was separated via sterile 40 µm nylon cell strainer (Falcon, Becton Dickinson). The cell suspension was centrifuged and the cell sediment was rinsed twice with Nutrient mixture F-12. The amount of cells and their viability were estimated by cell counts using Bürker's chamber and Trypan blue vital dye. The cells were re-suspended in a cultivation medium containing Nutrient mixture F-12 supplemented with 20% (v/v) fetal bovine serum (Gibco BRL ), 1% (v/v) insulin-selenium-transferin A (Gibco BRL ), 1% (v/v) antibiotic/antimycotic solution and cultivated in two 25 cm 2 tissue cultivation flasks (Sarstedt, Inc., NC, USA) at 37
• C and 5% CO2 in humidified air to get monolayer culture. The cultivation medium was changed three-times a week. After 10 days of cell cultivation, the cells were detached by trypsin-EDTA (Gibco BRL ) and passaged to four 25 cm 2 tissue cultivation flasks. Scaffolds were left soaking for around 1 hour in the cultivation medium before seeding chondrocytes. The final cell mass of chondrocytes was seeded on chopped scaffolds (1 × 1 cm) with the initial cell density from 0.8 to 4.7 × 10 6 cells/mL. The average number of chondrocytes seeded on 1 cm 2 of the membrane was 520,000 cells (470,000-600,000 cells/cm 2 ). Cell cultivation of chondrocytes in scaffolds was performed for around Scanning electron microscopy (SEM) examination Scaffolds cultivated for 95 days (initial density 4.73 × 10 6 of chondrocytes/mL) were used for SEM. The specimens (1 × 1 cm) were immersed in 0.1 M sodium cacodylate buffer (pH 7.2) (Merck-Darmstadt, Hohenbrunn, Germany) containing 2.5 % (w/w) glutaraldehyde (Fluka-Biochemika, Steinheim, Switzerland) and 2 % (w/w) p-formaldehyde (Lachema, Neratovice, Czech Republic) at 4
• C overnight. Samples were rinsed three-times for 30 min each in PBS to remove unreacted aldehyde in the specimen. Fixation was performed using 1% (w/v) osmium tetraoxide (W.C Heraeus GMBH, Hanau, Germany) dissolved in PBS for 3 hours. Samples were rinsed in PBS 2×15 min. The fixed sample was dehydrated using graded ethanol solutions of 50%, 70%, 80%, 90%, 95% (v/v). Full solvent dehydration was achieved by immersing the samples in 100% ethanol twice for 30 min each. The samples were subsequently submerged into ethanol-isoamylacetate (Merck-Schuchardt, Hohenbrunn, Germany) solutions of 3:1, 1:1, 1:3 ratios respectively. Finally, isoamylacetate and hexamethylenedisilazane (Merck-Schuchardt, Hohenbrunn, Germany) were used. Isoamylacetate was used twice for 20 min, isoamylacetate:hexamethylenedisilazane (1:1) ratio once for 20 min and hexamethylenedisilazane three-times for 15 min. The specimens were attached to an aluminium stub and sputtercoated with 15-20 nm gold. The interfaces were examined using TESLA BS 340 in the secondary electron mode at 20 kV acceleration voltage and 100 pA emission current. SEM images were acquired digitally by a data acquisition system.
Histochemical analysis
Scaffolds with the initial chondrocyte density of 3.12 × 10 6 cells/mL left in the culture for 115 days were placed into 10% (v/v) formaldehyde fixative. Blocks were prepared by shearing the scaffold. Samples were dehydrated by graded series of alcohol and xylene, paraffin-embedded and sheared to the thickness of 10 µm and stained in situ with haemotoxylin-eosin (H&E), safranine O/fast green specific for proteoglycans.
Immunostaining was carried out using antibody against collagens type II (rabbit anti-human collagen type II, Biodesign International, Saco, ME, USA) and FITClabelled swine-anti human Ig immunoglobulin (Imunoglobulin SwAHu/Ig FITC, SEVAC , Czech Republic). The evaluation was performed by light microscopy and fluorescence method using Olympus advanced inverted microscope IX-71 with improved fluorescence illuminator.
Results and discussion
In vitro monolayer cultivation of chondrocytes is a commonly used method for ex vivo multiplication. When the cells were seeded on the collagen-hyaluronan membrane, chondrocytes were distributed mainly in the superficial areas of the scaffold. Maximum of 25% of the initial cell seeding concentration of chondrocytes remained on the surface of the scaffold. Remaining 75% were found at the bottom of the tissue cultivation dish. Some of the cells were attached to the tissue cultivation dish and the rest was removed by the cultivation medium change. This limited cell seeding was attributed to the used static cultivation system. Similar observation was published (Chang et al. (2003) , when chondrocyte distribution in a gelatine-chondroitin-hyaluronan tri-copolymer scaffold was more homogenous in the spinner flasks than that in the Petri dish.
Microscopy examination
The microscopic observation of chondrocytes in the scaffold was monitored by light microscopy. The growth and proliferation of chondrocytes was very slow for about one month of cultivation (Fig. 2a) . This was related to low initial concentration of chondrocytes and hindered penetration through the collagen/hyaluronan membrane. The cells easily adhered to collagen fibres and began to multiply after about 8 weeks of cultivation and they filled empty spaces between more distant collagen fibres (Fig. 2b,c) . Unlike monolayer cultivation the chondrocytes cultivated in the scaffold maintained their spherical morphology (Fig. 3) After about 12 weeks of cultivation the chondrocytes formed sheetlike organized structures (Fig. 4a,b) . Formation of chondrocyte sheet-like organized structures increased with higher initial cell density and longer period of cultivation time. We assume that increasing amount of thus created formations contributed to the initial membrane restructuring. However, it is not yet possible to determine precisely how the membrane affect the biosynthetic activity of the cells. Scanning electron microscopy SEM was used to assess the microstructure of the scaffold matrix, integration and adherence of chondrocytes on the collagen/hyaluronan membrane. Collagen/hyaluronan membrane was in both dry and swollen form an elastic and sponge-like material. SEM investigation showed the membrane as a material of irregular structure, consisting of collagen fibres and connected by fine, sheet-like layers of hyaluronate (Fig. 5a) . The chondrocytes that adhered to the collagen/hyaluronan membrane formed connections with the scaffold through pseudopodial extensions (Fig. 5b) . Zimmerman et al. (2002) documented that hyaluronic Fig. 3 . Round morphology of chondrocytes (initial concentration 3.12 × 10 6 cells/mL) in the collagen/hyaluronan membrane after 60 days of cultivation examined by light microscopy (160×); SC -scaffold, CH -chondrocytes. acid is an adhesion modulator molecule, which can mediate the early stage of cell-substrate interaction. Detailed microscopic investigations also confirmed spherical morphology and viability of the cells (Fig. 5c) . The cells were present not only in the space between collagen fibres. They were also partially embedded in the fibres of the scaffold and started to slightly rebuild the structure of the membrane (Fig. 5d,e) . Based on previous data and the current results, we came to conclusion that scaffold biomaterials introducing hyaluronic acid can provide excellent chondrocyte adhesive activity.
Histological evaluation
The tissue can be classified as hyaline if it has the following properties: the ECM had a glassy appearance when viewed with polarised light, and the cells had chondrocyte morphology, i.e. they are oval, often with pericellular capsules or lacunas. On the other hand, the tissue is classified as fibrocartilage when bundles of collagen fibres are randomly organised and the cells are more elongated and often more numerous (Roberts et al. 2003) . The morphology of chondrocytes was identified on H&E-stained sections and proteoglycans presence was proofed by safranine O stain. The histological analysis of cell-seeded scaffold revealed uneven distribution of cells throughout the collagen/hyaluronan membrane. H&E staining confirmed our hypothesis that chondrocytes were mostly distributed in the superficial area of the membrane. According to the cell morphology we can assume that they formed "hyaline-like cartilage" on the membrane. This can be seen in the lower part of the Figure 6 . These results can be attributed to a higher cell density in superficial areas of the membrane. There are mainly collagen fibres distributed in the upper part and few cells partially embedded in the scaffold. Histochemical analyses of sections stained with safranin O were used to detect proteoglycans occurrence generated by cells in the scaffolds. Safranine Ofast green staining confirmed significant production of proteoglycans (Fig. 7) . Immunofluorescence using rabbit anti human collagen type II antibody corroborate the phenotype maintenance of chondrocytes (Fig. 8a) and demonstrated the production of type II collagen mainly in the part with hyaline-like morphology and sporadically in the scaffold (Fig. 8b) . Resorption of the collagen-hyaluronan membrane We were trying to find out whether any disintegration, resorption of the membrane would take place after certain time of cultivation. Disintegration of the membrane was observed macroscopically. We assumed that the collagen/hyaluronan membrane would degrade after long-term cultivation. After long-term cultivation the collagen/hyaluronan membrane became more stable and stiff. This can be related to the intermolecular cross-linking of collagen and starch dialdehyde. The structural integrity after modification using starch dialdehyde could have slowed down degradation of collagen, which would be probably due to many intermolecular cross-links. The starch dialdehyde seems to be a very effective cross-linking agent in small concentrations (Vizárová et al. 1995) . It can also be assumed that proliferation and multiplication of chondrocytes stabilised the structure of the membrane. These findings are significant because the scaffold for cartilage tissue engineering requires adequate mechanical strength to maintain the initial shape of the implanted scaffold.
Conclusion
In the last few years a great effort was made to define a suitable method for delivery and insertion of chondrocytes in defective cartilage in order to achieve tissue reconstruction. The potential for engineering articular cartilage is based on the capability of articular chondrocytes to multiply in the culture as well as on their capacity to express their chondrocyte phenotype when injected into defects in vivo or seeded into scaffolds in vitro.
The collagen/hyaluronan membrane did not show any significant adverse effects on cell viability during cultivation; the seeded cells proliferated without any negative changes. When comparing primary and passaged chondrocytes seeded on the scaffold, it was found out that cell number increased with the time and synthesis of proteoglycans was more significantly enhanced with passaged cells. The multiplication of cells depended mainly on the initial density. High initial cell density shortened the cultivation time thus leading to more frequent cultivation medium change.
Chondrocytes maintained their morphology and phenotype, based on histochemical and immunofluorescence studies. In order to achieve better spreading of chondrocytes in the scaffold and to ensure their distribution not just on the surface, it would be bet- ter to use continuously-stirring bioreactors for cultivating in vitro. It may enable nutrients to penetrate the centre of the scaffold leading to relatively strong and thick implants. According to our studies the collagen/hyaluronan membrane seems to be a suitable material for chondrocyte growth and could provide functional tissue-engineered scaffold for cartilage repair.
